Childhood brain tumors (CBT) are the second most common childhood cancers, yet their etiology is largely unknown. We investigated whether maternal gestational intake of folate, vitamin B6 and B12 was associated with CBT risk in a nationwide case-control study 
INTRODUCTION
Childhood brain tumors (CBT) are the second-most common type of childhood cancer, and have the highest mortality rate of all childhood cancers (1); however, there are very few known causes. We have previously reported an inverse association between maternal folic acid supplementation in the periconceptional period and CBT risk (2) . A protective effect is biologically plausible because of the key role folate plays in DNA synthesis and repair, and gene methylation (3) .
Although dietary folate has a different structure from supplemental folic acid, and is less readily absorbed in the human digestive tract (4, 5) , it is plausible that dietary folate intake may also be inversely associated with risk of CBT. Published findings from four previous studies of gestational dietary folate intake and risk of CBT have been inconsistent; one reported an inverse association with risk of primitive neuroectodermal tumors (PNET) (6) , while the other three reported null results for all CBTs (7), medulloblastoma (8) and astrocytic glioma (9) . Many other studies have investigated associations between risk of CBT and dietary intake of vegetables, which are a major source of dietary folate. Some have reported inverse associations (6, 9, 10) , while others have reported largely null findings (7, 8, (11) (12) (13) (14) . The categories of foods investigated and the methods used to group food items and assign intake levels have varied considerably among studies, making it difficult to validate results and draw firm conclusions.
The Australian Study of Childhood Brain Tumors (Aus-CBT) was a nationwide case-control study conducted between 2005 and 2010 and designed to investigate environmental, dietary and genetic risk factors for CBT. The aim of this analysis was to investigate, in detail, whether maternal dietary intake of folate during pregnancy is inversely associated with risk of CBT. We also explored associations with folate's cofactors in the one-carbon metabolic cycle: vitamins B6 and B12.
MATERIALS AND METHODS

Participants and recruitment
Incident CBT cases were identified through all 10 pediatric oncology centers in Australia.
Controls were recruited by national random digit dialling (RDD) and frequency matched to 
Data collection
Mothers completed a general exposure questionnaire (including demographics and questions about alcohol consumption during pregnancy) and a 126-item food frequency questionnaire (FFQ), which was based on the Australian Commonwealth Scientific and Research Organization's FFQ (16) , and modified to focus on folate, vitamin B6 and vitamin B12 intakes. Mothers were asked about their diet during the last 6 months of pregnancy to avoid atypical diets due to nausea during the first trimester. For each food type, a standard serve size was given and mothers were asked to list the frequency of consumption and the number of standard serves consumed on eating occasions. Additional information was collected about the usual brands of foods, including those potentially fortified with folic acid. Mothers were also asked to report any vitamin or mineral supplements taken in the 3 months before the index pregnancy, the first 3 months of the pregnancy and the last 6 months of the pregnancy.
Mothers also completed dietary questionnaires for their children.
Assessment of nutrient intake
Daily intakes of dietary folate, vitamin B6, B12 and energy were quantified using a customized computer program that merged data from Australian food composition databases (AUS-NUT 07 (17) for folate and energy, and NUTTAB 2006 (18) for B6 and B12) with the FFQ serving size and individual frequency of consumption to calculate the sum over all foods. Voluntary fortification of certain food categories with folic acid (for example breakfast cereals, breads, fruit and vegetable juices and yoghurts) was allowed at the time of the study; information about the amount of supplemental folic acid in individual products was collected from manufacturers and supermarkets and added to the analysis program.
Dietary folate intake was expressed as Dietary Folate Equivalents (DFE), which allows for the higher bioavailability of folic acid compared with folate naturally contained in foods: DFE = natural folate + (1.7 x folic acid)(4). Mandatory folic acid fortification of bread-making wheat flour was introduced in Australia in September 2009 (19) ; only two pregnancies (1 case/1 control) overlapped this period, so no adjustments were made. Use of supplements containing folic acid, vitamin B6 or vitamin B12 was determined based on the labeled ingredients of the preparations taken.
Statistical analysis
Folate, B6 and B12 values were log transformed to correct right skew. These values were then energy-adjusted using methods described elsewhere (20) . Energy-adjusted folate, B6 and B12 values were grouped according to tertiles of intake among controls, with the lowest tertile in each forming the reference group.
Maternal supplement use was coded as 'Any use in the three months before or during pregnancy' vs no use during this time (referent); separate variables were created for 1) folic acid and 2) vitamins B6 and/or B12; vitamins B6 and B12 were combined as both were found in almost all products containing either.
Odds ratios (OR) and 95 percent confidence intervals (95% CI) were estimated for energyadjusted dietary intake of folate, B6 and B12 using unconditional logistic regression in SPSS (IBM SPSS for Windows, Version 20.0, Armonk, NY, IBM Corp, 2011). All models were adjusted for study matching variables: child's age, sex and State of residence. In addition, variables associated with case or control status and control mothers' dietary nutrient intake were included: child's year of birth, child's ethnicity, parental education, maternal age, folate and B6/B12 supplement use, and maternal alcohol intake during the pregnancy. The child's dietary intake of folate, B6 and B12 was also assessed for inclusion in the models. Stratified analyses were undertaken by maternal alcohol consumption, folate and B6/B12 supplement use and age of the child. Effect of dietary nutrient intake was also investigated in the two largest CBT subtypes: low-grade gliomas and embryonal tumors.
RESULTS
Detailed participation and recruitment outcomes have been previously described (2) . In brief, 730 eligible CBT cases diagnosed between 2005 and 2010 were identified, of whom 568 (78%) were invited to participate by their treating physicians. Of these, 374 (66% of invited, 51% of eligible) consented to take part. We identified 3624 eligible controls via random-digit dialing; 2255 of these agreed to participate. In accordance with the study's age and sex frequency matching quotas, 1467 of these were recruited. Of those who consented and were recruited, 293 case mothers and 726 control mothers completed FFQs and provided data on key confounders, and thus were included in the analysis. CBT subtypes were categorized by two pediatric oncologists as previously described (2).
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The distributions of demographic and other variables of interest in participating cases and controls were broadly similar (Table 1) . However, higher proportions of cases were male and had a mother aged under 25 years. Controls were more likely to have a parent with a university or college level education and be of European ethnicity, and control mothers were more likely to drink alcohol during pregnancy (Table 1) (Table 3) .
It appeared that the inverse trend with dietary folate intake was stronger if the mother took folic acid or vitamin B6/B12 supplements, although the p-values for interaction were 0.63 and 0.61 respectively; Table 4 ).
There was also an apparent inverse trend across tertiles of maternal folate intake among children diagnosed before 5 years of age that was not seen for children diagnosed at 5 years or older (p-value for interaction 0.48; Table 5 ). This variation was not seen for dietary B6 or B12 intake.
The associations of maternal dietary intake of folate, B6 and B12 with risk of low-grade gliomas and embryonal tumors were similar to those observed for all brain tumors, except for increased ORs for embryonal tumors associated with the second and third tertiles of B12 intake (Supplementary Table 2 ).
DISCUSSION
We observed a weak inverse association between maternal dietary folate intake during pregnancy and risk of CBT. This association appeared to be stronger among mothers who consumed alcohol or took supplements during pregnancy, and among children aged younger than 5 at diagnosis, although evidence for interactions was weak. The results for dietary folate were similar for different tumor types. There was little or no evidence of associations between maternal dietary intake of B6 or B12 and risk of CBT, apart from some suggestion of a positive association between maternal B12 intake and risk of embryonal tumors.
Our findings suggesting an inverse association with maternal folate intake during pregnancy are consistent with those of Bunin and colleagues, who reported an OR of 0.24 (p≤0.1) for the highest vs. lowest quartile of intake for PNET (6); however, these investigators found no association with astrocytoma (OR for fourth vs. first quartile was 1.0: 95% CI 0.5, 2.1) (9).
The authors noted that their 53-item FFQ assessed only 55% of intake (6) . In a subsequent study using a more rigorous 112-item FFQ, the same investigators saw no evidence of an association between maternal dietary folate intake and risk of medulloblastoma/PNET in children aged under 6 years (8). In a fourth study, in which a 100-item FFQ was used, Lubin et al. also reported no association with CBT: the OR for the third vs first tertile was 1.18 (95% CI: 0.8, 1.8) (7). The current findings regarding dietary folate are consistent with several previous reports, including our own, of a protective effect of folic acid supplementation (2, 21, 22) . We previously reported an OR of 0.68 (95% CI 0.43, 1.09) for supplementation over 450mcg/day during trimesters 2/3 (reference category: no folic acid supplementation before or during pregnancy) (2) . The corresponding OR for dietary folate intake of that level would be 0.84 (95% CI 0.61, 1.15) (data not shown); however, the reference category would include women with at least some dietary folate, so this OR would be biased upward towards the null compared with the OR for supplemental folic acid in the current analysis. Thus, there is evidence that both dietary folate and supplemental folic acid have similarly inverse associations with risk of CBT.
A protective relationship between high maternal folate intake and CBT risk is biologically plausible given that folate is intimately involved in DNA methylation and maintenance of genomic integrity (3). It provides 5-methyltetrahydrofolate for the methylation of homocysteine to methionine, which is converted to S-adenosylmethionine, the principal methyl donor in DNA methylation. DNA methylation affects gene expression, and specific promoter region CpG methylation can silence cell-cycle-regulating genes. In addition, the folate derivative 5,10-methylenetetrahydrofolate is essential for normal DNA synthesis and repair, as it is the one-carbon donor in the synthesis of thymidylate. Vitamin B6 (B6) and vitamin B12 (B12) are essential cofactors in these one-carbon metabolic pathways (23) . We found some evidence that the inverse association between dietary folate intake during pregnancy and risk of CBT was stronger among women who consumed alcohol. This is biologically plausible, as alcohol is known to decrease folate absorption from the gut, liver uptake and renal conservation, leading to a reduced serum folate level (32-35). Thus, it is possible that a diet rich in folate is more important for the prevention of CBT when serum folate levels have been reduced through the consumption of alcohol. Consistent with this finding, we have previously reported a stronger inverse association between maternal dietary folate intake and risk of childhood ALL when the mother consumed alcohol during pregnancy (36) . In addition, in adults, greater protective effects of folate and folic acid among alcohol drinkers have been seen for breast cancer (37, 38) , colon cancer (39) and oral cancer in women (40) .
Vitamins B6 and B12 are cofactors in the folate metabolic cycle (23) . Thus, the suggestion of a stronger inverse association with folate intake among women who took vitamin B6/B12 supplements is consistent with enhanced metabolic cycle activity at higher levels of folate substrate. The elevated OR observed for B12 intake and risk of embryonal tumors is difficult to explain; it could not be explained by intake of animal protein, the main source of vitamin B12, in our study (results not shown). We were unable to find any literature that would support or suggest a mechanism for this association; thus, it is probably a chance finding.
Ours is one of the largest studies of maternal folate intake and risk of CBT undertaken to date, and the first to investigate these associations by the child's age at diagnosis and maternal alcohol intake and use of vitamin supplements. We also took account of the child's diet in our analyses, although this had no impact on the results. The quantified FFQ used in this study was designed specifically to assess maternal dietary folate intake, and brand names of packaged foods consumed were checked for folic acid fortification. Diet was assessed during the latter half of pregnancy, when folate requirements are highest to accommodate DNA and RNA synthesis, and fetal and maternal tissue growth (41) .
Almost 78% of eligible cases were invited to participate by the treating clinician and 66% of invited parents consented, resulting in an overall participation fraction of 51%. The distributions of age and sex among non-participants were similar to participating cases; however, no other information about them was available. Thus, we were unable to determine the extent to which our cases were representative of all eligible cases with respect to potential risk factors.
Control families were recruited by national RDD using state-of-the-art methods and, according to the most recent data available, approximately 90% of Australian households had a landline telephone connection during the recruitment period (42, 43) . Therefore, residences contacted are likely to be representative of the wider population. Participation among eligible control families was 62% and, although no individual information was available for those who declined, area-based SES scores were higher among participating controls than among the wider Australian population (2) . Although maternal dietary folate intake was not related to area-based SES in our study population, it was related to parental education. Higher education was associated with higher dietary intake of folate and vitamin B6, and lower intake of vitamin B12. More than 50% of case and control families had at least one parent with a university or college education, compared with 24% of Australian adults aged years (44) . Therefore, our participating mothers are likely to have diets higher in folate and B6, and lower in B12, than the general population. As participation was lower among controls than cases, the most likely result of this would be to underestimate ORs for folate and B6, and overestimate those for vitamin B12. However our results were similar for mothers with and without a university education (data not shown), suggesting that confounding by selection is unlikely to have had a large impact on our findings. Due to the dependence on self-reported data, some error in exposure measurement is likely, particularly as the index pregnancy was 15 years earlier for some mothers. However, the recall period was six years or less for over half the participating mothers. In a methodological study of women's recall of diet during a pregnancy 3-7 years in the past (45) , moderately good correlations were reported for folate (rho = 0.30, P<0.001), B6 (rho = 0.42, P<0.0001) and B12 (rho = 0.62, P<0.0001). As there is little public awareness of a putative association between maternal diet and risk of CBT, any error in reporting is likely to be non-differential between cases and controls and would bias effect estimates to the null.
The possibility that mothers of cases ruminate about the causes of their child's cancer and recall exposure more completely than control mothers is inherent in case-control studies and may introduce recall bias. However, case mothers' enhanced recall of a potentially protective high quality diet would not be expected to produce an inverse association, but it may weaken one. From a mechanistic viewpoint, the somewhat stronger inverse association seen for children diagnosed early in life is consistent with the likely impact of a protective exposure occurring in utero or perinatally.
As we only assessed maternal diet during the last 6 months of pregnancy, we were unable to determine whether folate intake during a particular prenatal period is most important in reducing the risk of CBT; however, previous evidence indicates that maternal diet before and during pregnancy are similar (46, 47) .
In conclusion, the results of this study provide some evidence that maternal dietary folate intake during pregnancy may reduce the risk of CBT, particularly among mothers who drink alcohol and when combined with supplement use. Our findings support ongoing promotion a diet rich in folate for women throughout pregnancy. This is likely to reduce the risk of a range of adverse health outcomes, including CBT. 
